Since the advent of the transmission electron microscope (TEM), continuing efforts have been made to image material under native and reaction environments that typically involve liquids, gases, and external stimuli. With the advances of aberration-corrected TEM for improving the imaging resolution, steady progress has been made on developing methodologies that allow imaging under dynamic operating conditions, or in situ TEM imaging. The success of in situ TEM imaging is closely associated with advances in microfabrication techniques that enable manipulation of nanoscale objects around the objective lens of the TEM. This study summarizes and highlights recent progress involving in situ TEM studies of energy storage materials, especially rechargeable batteries. The study is organized to cover both the in situ TEM techniques and the scientific discoveries made possible by in situ TEM imaging.
I. INTRODUCTION
Over the last decade, tremendous progress has been made on the development of aberration-corrected scanning/transmission electron microscopy (S/TEM). [1] [2] [3] [4] [5] [6] [7] [8] As a result, atomic-scale imaging and spectroscopic probing of materials appear to be routine practice. [9] [10] [11] [12] [13] [14] Imaging materials at or near-realistic working conditions, or in situ S/TEM, is keeping pace with the progress of high-spatial, fast-temporal, and high-energy resolution, as exemplified by the in situ TEM observation of nanostructured materials growth, 15, 16 the solid-gas reaction in a catalytic system, [17] [18] [19] materials deformation behavior, 20, 21 particle nucleation and growth from a solution, [22] [23] [24] the electrochemical deposition process, 25 and cells in a liquid environment. 26 This progress has benefited from both the development of a dedicated microscope that can handle certain gas pressure around the sample region, such as the environmental TEM, and the ability to manipulate and microfabricate materials at the nanoscale.
Energy storage technologies, such as lithium-ion (Li-ion) batteries, now are indispensably used for portable electronics, electric vehicles, and renewable energies. [27] [28] [29] [30] [31] One of the fundamental challenges for battery research is direct observation of the structural and chemical evolution of the battery components and how this directly correlates with battery properties.
The ex situ method, based on electron beam imaging and spectroscopy, has been widely used for probing the structural features of a lithium battery system. [32] [33] [34] [35] [36] [37] [38] [39] However, due to the dynamic nature of the process, the ex situ method cannot answer some of the questions related to the dynamic process during battery operation. 35, [40] [41] [42] [43] For example, LiCoO 2 has been used successfully as a cathode material for Li-ion batteries, and ex situ TEM studies indicate that there are high-density dislocations in the LiCoO 2 electrode. 44 This observation subsequently raises several fundamental questions, such as when and how are these dislocations generated? What role do dislocations play during battery operation? And, what is the role of these dislocations on the growth of the solid electrolyte interface (SEI) layer? Answers to these questions only can be obtained by making measurements under operating conditions, such as in situ observation in a TEM. In particular, experiments must be designed to "observe" the dynamic evolution of the interface and internal structure of electrode during operation of the battery in a TEM and, ultimately, 35, 45 to seek atomic and nanoscale understanding of the mechanisms associated with the following: (1) nature of the SEI layer between the electrode and the electrolyte, along with the movement of the SEI layer inside the electrode during charging/discharging 42, 43, 46 ; (2) change in the composition/structure of the SEI layer, along with the orientation/morphology of the nanostructured electrodes 35, 36 ; and (3) Li-ion insertion and extraction mechanisms during the electrochemical cell's operation.
II. CHALLENGES FOR IN SITU TEM IMAGING OF A RECHARGEABLE BATTERY
Electrochemical energy storage devices are complex, multicomponent systems that incorporate widely dissimilar phases in physical and electrical contact. 30, 43, 46 Operation of a rechargeable battery relies critically on electron and ionic transfer across the solid-solid and solid-liquid interfaces and within each of the constituent phases. Repeated charging and discharging of the battery induces microstructural evolutions both at the interface between the electrolyte and electrode and within the electrode (active materials) due to ionic migration. Although it has been established that this structural evolution of active materials is responsible for battery failure, the mechanisms of the microstructural evolutions as a function of charging/discharging are not well understood. 30, 46 Overall, this imposes a fundamental scientific question regarding how the microstructures within the constituent materials and across the interface/interphase confined by the constituents evolve and affect the consequence of this structural evolution on cell properties. Due to the possibility of directly monitoring dynamic processes, in situ methods based on spectroscopies, 35, 42, 43, 45, 46 atomic force microscopy (AFM), 43, 49 and SEM imaging 50, 51 have provided useful information regarding the structural evolution of the electrode materials during a battery's operation. 49, [52] [53] [54] [55] [56] [57] [58] [59] [60] Because of the TEM's high-vacuum operation and the vacuum incompatibility of liquid electrolyte used for most rechargeable batteries, including the Li-ion battery, the fundamental challenge is the integration of the liquid electrolyte and electrode system in the TEM's highvacuum column.
III. IN SITU TEM STUDY OF RECHARGEABLE BATTERIES
Three strategies have been explored for this in situ TEM study of batteries, including open-cell configuration, closed liquid-cell configuration, and a whole solid-state battery.
A. Open-cell configuration using ionic liquidbased electrolyte
Over the last few years, substantial progress has been made toward developing methodologies for in situ direct observation of structural and chemical evolution of electrodes used for Li-ion batteries 49, 53, 54, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] -most notably, the development of an in situ TEM cell based on an open-cell configuration. The fundamental concept of the open-cell configuration for in situ TEM studies of the Li-ion battery was pioneered by Wang et al. 53 and Huang et al. 60 The basic operating principle of the cell is schematically illustrated in Fig. 1 , where the ionic liquid was used as an electrolyte. 40, 53, 60, 63 The essential components of the cell are a single nanowire as the observable electrode, vacuum-compatible ionic liquid as the electrolyte, and LiCoO 2 as the counter electrode. A typical ionic liquid electrolyte is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in a hydrophobic ionic liquid 1-butyl-1-methylpyrrolidium (P 14 ) TFSI (P 14 TFSI). The overall composition of the electrolyte is 10% LiTFSI in P 14 TFSI. The open-cell configuration offers the possibility of atomic-level spatial resolution and analytical capability to study Li-ion insertion mechanisms into electrode materials during the charge/discharge cycles. 65, [70] [71] [72] [73] Since its invention, this technique has helped to reveal many details with respect to the lithiation mechanisms and structural evolution behavior of a range of materials, especially anode materials including Si, [61] [62] [63] [64] [65] 70, 73, 74 80 Sn, 81 and carbon nanotubes. 82 It has been noticed that the ionic liquid will spread along the nanowire surface to form a thin layer of coating. Therefore, this configuration can, in some degree, mimic the real battery configuration such that the liquid electrolyte forms a conformal coating around the active component in the electrode. The drawback of this method is the polymerization of the ionic liquid electrolyte under the imaging electron beam. As such, the cell only can be cycled several times, which is far short for revealing the structural evolution of the electrode materials relevant to a real battery. configuration using lithium oxide as the electrolyte. In this configuration, a Li metal is used as the anode, and a single nanowire is used as the cathode (shown schematically in Fig. 2 ). During insertion of the TEM holder into the TEM column, the Li metal surface is instantaneously oxidized to form a thin layer of Li 2 O, covering the surface of the Li metal. It is this layer of Li 2 O that serves as a solid electrolyte. 67, 83, 84 In a typical example, a Si nanowire is used as one electrode, Li 2 O on Li metal is the solid electrolyte, and a bulk Li metal is the counter electrode. In principle, the battery assembled in this way is a charged battery, and connecting the circuit will lead to the discharging process. However, this will not be the case due to the low conductivity of the Li ion in Li 2 O at room temperature. 83 A negative potential of typically 2-4 V normally is applied between Si and Li to drive Li ions into Si. The propagation of the lithiation front can be clearly visualized by TEM imaging. The open-cell configuration offers the advantage of high spatial resolution imaging and chemical composition analysis by spectroscopic method. In a typical example, Fig. 3 shows the measured lithiation length of Si as a function of lithiation time, illustrating near-parabolic lithiation behavior. Simultaneously, the chemical composition evolution can be mapped using electron energy loss spectroscopy, or EELS. 63, 64 The silicon map is obtained by an integration of Si L edges (99-170 eV), and the Li map is acquired by an integration of Li K edges (55-85 eV) after background subtractions. Notably, this type of experiment is not a real rechargeable battery. However, the structural response of Si with the Li-ion insertion adequately simulates what happens in a real battery. Therefore, this open-cell configuration provides a quick and convenient way for probing the intrinsic response of material to Li-ion insertion or extraction. A similar principle can be used with other metallic ion systems for studying ionic insertion and extraction behavior, such as in Na-, Mg-, and Ca-ion batteries. 84 Another variation of the open-cell configuration has been developed by others using a standard TEM grid as described by Wang et al. 66 The advantage of using a TEM grid is that it can increase the system's stability, affording high spatial resolution imaging. Therefore, what has been observed is not necessarily a representative case for the electrode being fully immersed in the liquid electrolyte in a real battery. Second, in using Li 2 O as the electrolyte, a large overpotential is normally applied to drive the Li ions into the electrode, which may change the kinetics and phase behaviors of solid-state electrode lithiation. Third, using the ionic liquid or Li 2 O electrolyte excludes some of the fundamental processes that occur only in real electrolytes and battery-operating conditions, such as the interaction between the electrolyte and electrode and the SEI layer formation.
To address the shortcomings of the open-cell (already described), recent work has focused heavily on developing a liquid-cell for in situ or more precisely operando TEM studies of Li-ion batteries using a battery-relevant liquid electrolyte and a lithium metal counter electrode. The in situ TEM study of electrochemical processes was initiated following the work depositing copper nanoparticles from a CuSO 4 electrolyte under galvanostatic conditions using a liquid-cell into the TEM column. 25 Since then, the microfabricated liquid-cell concept has inspired rapid development of in situ TEM imaging under liquid or gas environments for which most of the studies have focused on nucleation and growth of nanoparticles, a process that is essentially stimulated by the imaging electron beam. 22, 23, [85] [86] [87] [88] [89] [90] The progression of liquid-cell microscopy, in turn, has helped push the development of an electrochemical cell process. 91, 92, 93 This approach already has allowed direct observation of beam-sensitive systems, such as macromolecular complexes 93, 94 and soft materials, 95, 96 and of processes that span from electrochemical deposition of metals 25, 97 to growth of different nanostructures. 23, 86, 88, 89, 98, 99 Gu et al. 100 successfully demonstrated the first working closed liquid-cell for a rechargeable battery (schematically illustrated in Fig. 4 ). Subsequently, similar devices have been demonstrated by other groups as well. [100] [101] [102] [103] [104] In a typical example, the working electrode is a single Si nanowire, while the counter electrode is a Li metal. This electrode geometry was implemented using a SiN x membrane deposited on Si chips (illustrated in Fig. 4 ). An ;50 nm-thick SiN x membrane is used to seal the liquid while still allowing transmission of the highenergy electrons for imaging. The biasing chip has six Pt electrodes. The Pt electrodes extend from the SiN x window to the edge of the chip, connecting the electrode to the outside circuit. A single or multiple Si nanowires can be mounted on one of the Pt electrodes using focused ion beam (FIB) manipulation and Pt deposition welding. The welded Si NWs extend to the electron-transparent SiN x membrane region to enable imaging of the nanowire in electron transmission mode. A droplet of 1.0 M of lithium perchlorate, LiClO 4 -containing mixed ethylene carbonate (EC) and dimethyl carbonate (DMC) electrolytes (3:7, v/v)-was applied to the top surface of the SiN x membrane (fully immersing all Pt electrodes, Li metal, and Si NWs), and a blank chip with a SiN x membrane facing down was placed over the biasing chip to seal the liquid electrolyte. The sealing is completed based on a three-O-ring technique, and the whole device is implanted on a biasing in situ TEM liquid holder (Hummingbird Scientific, Lacey, WA). The assembly The normal thickness of liquid layer is 500-1000 nm. However, after loading the cell into the TEM column, the membrane will bulge outward due to the pressure differences. The lithiation of the Si nanowire immersed in the liquid electrolyte progresses in the core-shell fashion. The total diameter of the wire changes from 100 nm to 391 nm at 2462 s. Based on the projected radial dimension increase, this indicates that the radial direction of this wire is along the ,110. direction (maximum volume expansion direction of Si upon lithiation). 41, 73 The increase in the diameter is quicker at the beginning of lithiation and slows down with progression of the lithiation process. This phenomenon is related to the interface stress generated by the volume expansion, which limits the diffusion of Li ions further into the core. The slowdown of lithiation after partial lithiation also has been consistently reported by earlier researchers. 61, 71, 105 The delithiation process of a pure Si nanowire is shown in Figs are very challenging. However, in their experiment, they used energy-filtered TEM imaging by selecting a valence energy loss peak at 5 eV, which is unique for FePO 4 but not for LiFePO 4 . Therefore, environmental transmission electron microscopy (ETEM) images captured with the energy window selected at this region can be used to probe the phase transition and Li transport characteristics between LiFePO 4 and FePO 4 . This method allowed Holtz et al. 101 to determine the lithiation state of a LiFePO 4 electrode and surrounding aqueous electrolyte in real time with nanoscale resolution during electrochemical charge and discharge, enabling them to track lithium transfer between the electrode and electrolyte and image charging dynamics in the cathode.
Zeng et al. 103 reported the formation of the SEI layer on an Au electrode during electrochemical lithiation and delithiation of Au anodes in lithium hexafluorophosphate (LiPF 6 )/EC/diethyl carbonate (DEC) electrolyte. Upon the cyclic voltammetry (CV) scan, they noticed the inhomogeneous lithiation of the Au electrode, lithium metal dendritic growth, electrolyte decomposition, and SEI formation. The SEI layer growth appears to be concurrently accompanied by the Li dendrite growth. The SEI layer is observed to uniformly develop on the Au electrode surface. In a similar effort, Sacci et al. 102 observed the SEI layer on an Au electrode in 1.2 M LiPF 6 EC/DMC battery-grade electrolyte. They noticed that SEI formed prior to the deposition of Li. Most dramatically, they found that the SEI layer shows a feature of dendritic morphology rather than a uniform layer: the dendritic SEI forms prior to Li deposition, and the SEI layer remains on the surface after Li electrodissolution. Therefore, the formation of SEI dendrites begins prior to Li deposition, suggesting that the electrolyte composition (and its electrodecomposition) affects Li deposition. It should be noted that for the case of the SEI layer growth work, no Li source is supplied in the liquid-cell. All observed phenomena result from the decomposition and deposition of the ions from the electrolyte. Even if a CV scan is done to offer a general view of the system's electrochemical behavior, more systematic work must be carried out with a proper Li source and a reference electrode.
E. Solid-state battery configuration
The solid-state battery configuration using a solid electrolyte provides another option to probe the structural and chemical evolution of electrode materials. For the solid-state configuration, it may be related to the solidstate system as a battery itself or as a platform for in situ TEM studies of a battery system. 53, 68 Brazier et al. 49 developed the first cross-section for an all-solid-state Li-ion nanobattery for in situ TEM observation (illustrated in Fig. 6 ). The fundamental concept of this configuration is to use FIB to make a "nanobattery" from an all-solid-state battery prepared by pulsed laser deposition (PLD). Using a similar configuration, Yamamoto et al. 52 observed changes of electric potential in an all-solid-state Li-ion battery in situ with electron holography (EH). They mapped the two-dimensional potential distribution resulting from movement of lithium ions near the positive-electrode/electrolyte interface. Meng et al. 68 probed the dynamic phenomena in an all-solid-state nanobattery based on imaging and EELS. The solid-state configuration offers the possibility of high spatial resolution imaging. However, due to the rigidness of the nanobattery configuration, it is difficult to maneuver the sample to the appropriate orientation for lattice resolution imaging. A similar configuration based on a solid-state electrolyte and a single nanowire electrode also has been attempted. 69, 106 Overall, the solid-state battery configuration provides a platform for coupled imaging, diffraction, and spectroscopy for comprehensive structural and chemical analysis of nanobatteries under battery-operating conditions. In particular, tracking the Li may be possible via developed Li K-edge spectroscopy and mapping.
F. Quasi-in situ TEM study of battery process
The in situ TEM cell based on the open-cell, closed liquid-cell, and all-solid-state cell is an especially useful way to probe Li-ion transport and directly visualize the structural evolution of electrode materials. However, the nanobattery only can be cycled in situ in the TEM column for a very limited number of cycles, typically only up to 10 cycles. Thus, this type of in situ nanobattery lacks a direct correlation with electrochemical data for a large number of cycles. To address these issues, a quasi-in situ TEM observation of energy materials has been reported by Lin et al. 107 The fundamental concept is to load the material of interest on a standard TEM grid that is embedded into the button cell with another battery material to perform a standard electrochemical testing. Following the electrochemical testing, the TEM grid is removed and loaded into a TEM for direct observation. This experimental scheme is mostly suited for probing the structural and chemical evolution of the electrode materials, but it is not suitable for probing the SEI layers due to the inevitable exposure of the sample in air following electrochemical testing. In principle, this appears to be a type of ex situ experiment. However, it provides the advantage of observing the same particle before and after electrochemical testing, as long as the particle is appropriately observed and marked.
G. Electron-beam-induced effect in the open-cell
As with all imaging situations, one issue for the open-cell in situ TEM study of lithiation is the electronbeam-induced effect. For electrochemical experiments, in addition to the generally observed beam effect such as knock-on damage, heating, and ionization of the materials, the electron beam also will affect the electrochemical process. It has been observed that the electron beam can either accelerate or retard the lithiation process, depending on the materials and electron dose. With uniform illumination of the whole nanowire by the electron beam, the beam effect cannot be visualized, yielding a uniform core-shell structure with silicon crystalline core and Li x Si amorphous shell (as shown in Fig. 3 ). The electron-beam-induced retardation of lithiation is vividly demonstrated by the lithiation of Si nanowires, as illustrated in Fig. 7 . To identify the beam effect, the electron beam was focused on part of the nanowire with a dose of 22.3 A/m 2 (shown in Fig. 7 ). The region illuminated by the electron beam is marked by red arrows. The silicon core at the region under electron beam irradiation is lithiated at a slower rate than the region without electron beam exposure. Typically, the diameter of the silicon core in the region exposed to the electron beam is 37.6 nm compared to 26.9 nm in the region without the electron beam. Clearly, the electron beam inhibits the lithiation process.
The electron beam inhibition of lithiation appears to be consistent with the effect of electron-beam-induced delithiation of amorphous Li x Si, as illustrated in Figs. 7(c)-7(e). The lithiated Si NW exhibits a Si crystalline core and amorphous Li x Si-shell with a total diameter of ;132 nm. After irradiating the lithiated Si NW for ;26 min with an electron dose of 0.9 A/m 2 , a delithiation process was noticed. Li metal formed on the surface of Si NW, and the diameter of the Si NW shrank to ;82 nm, as shown in Figs. 7(c)-7(e) . A higher magnification TEM image in Fig. 7(c) clearly revealed that the formed Li metal exhibit crystalline contrast and some even with good surface facets. The EELS composition analysis, shown as the inset of Fig. 7(c) , illustrates the Li K edges from the formed Li metal on the surface. It has been noticed that in the case of extremely high electron doses, the delithiation process happens without the formation of Li metal. This is due to the displacement damage of Li metal by the high-flux electron beam. Electron beams with a lower acceleration voltage, such as 80 kV, yield even higher damage to the lithiated Li x Si layer. Wang et al. 108 calculated the displacement cross section of Li and Li-containing compounds and concluded that electrons at lower acceleration voltage (even 60 kV) cause even more damage than at higher acceleration 109 They proposed that electron beam irradiation of Li 2 O leads to the decomposition of Li 2 O into elemental Li and volatile gas, 110, 111 such that 2Li 2 
Therefore, during in situ TEM imaging, the effect of the imaging electron beam on the electrochemical process requires careful evaluation.
IV. ELECTRON RADIOLYSIS IN TEM TO PROBE ELECTROLYTE DEGRADATION
Electrolyte degradation in rechargeable batteries has been generally realized. However, it is difficult to directly monitor and quantify such a gradual evolution of liquid in a sealed battery. Modification of imaging electrons on the sample, or electrochemical processes in general, has been very well perceived. [112] [113] [114] [115] Often, the electronbeam-induced damage or modification has to be minimized by either adjusting the accelerating voltage, reducing the electron dose, or a combination of both. Recently, Abellan et al. pioneered the concept of using electron radiolysis in TEM and STEM to study the degradation mechanism of electrolytes, as schematically illustrated in Fig. 8 . 116 The electron beam itself caused the localized electrochemical reaction, enabling the observation of electrolyte breakdown in real time. Via in situ S/TEM, researchers explored the stability of five different electrolytes commonly used for Li-ion and Li-O 2 battery applications 117, 118 : lithium hexafluoroarsenate (LiAsF 6 ) 119,120 ; AsF 6 salt dissolved in different organic solvents, such as 1,3-dioxolane (DOL), DMC, and a mixture of DMC and EC; lithium triflate (LiTf) in dimethyl sulfoxide (DMSO) for Li-O 2 batteries 118 ; and LiPF 6 in EC:DMC for Li-ion batteries. 117 When the high-energy imaging electrons (300 kV) irradiate the solution, primary and secondary scattering occurs, generating radicals and solvated electrons. For the case of a simple salt dissolved in an aqueous solution, the electron beam essentially acts as a reducing agent, where the created radicals, such as the aqueous electrons, induce the reduction of metallic cations to grow metallic nanoparticles from the solution. 121, 122 In more complex solutions, such as Li battery electrolytes, the solvated electrons, e 124 Electrolytes containing the salt LiAsF 6 show fast degradation under the electron beam, consistent with the high reactivity reported for LiAsF 6 . In addition, all three LiAsF 6 -based electrolytes displayed formation of nanoparticles as degradation products, which was expected due to the known formation of LiF particles from these electrolytes during previous tests. 124 The stability of the electrolytes investigated here using in situ S/TEM correlates with electrochemical trends reported in the literature, suggesting this technique potentially could provide new insights into the reduction/degradation processes that occur during the operation of Li-ion batteries.
V. EXTENSION OF IN SITU TEM TO IN SITU SEM
Based on the open-cell concept using ionic liquid electrolytes, Miller et al. 66 recently developed an approach for in situ observation of cathode particles during electrochemical cycling within SEM. In Fig. 9 , the fundamental concept of the device is shown by the SEM image. An electrode material was partially dipped into the ionic liquid electrolyte. To monitor the electrode's internal structure under the dynamic operating conditions of the battery, a cross-section of the electrode was cut using FIB. In a typical example, Li(Ni 0.8 Co 0.15 Al 0.05 )O 2 -based cathode materials were examined. The researchers found that significant separations develop between grains-even during the very first charge (oxide delithiation) and electrolyte penetration through that crack network all the way into the particle interior. Comparing these results to post-test microstructural characterization of oxide particles subjected to extensive cycling confirmed the occurrence of these processes in practical cells, suggesting that the physical separation and isolation of grains may contribute to performance degradation of Li-ion cells. The advantage of this cell is the large-scale observation option, which provides information on the level of electrode. The disadvantage of the device is that the ionic liquidbased electrolyte is not very relevant to the rechargeable Li-ion battery. As such, some of the electrochemical processes, such as formation of the SEI layer, may be missing.
VI. SUMMARY AND PATH FORWARD
Both the open-cell and closed liquid-cell are feasible ways to probe structural and chemical evolution of materials for electrochemical applications, yet each method has its own associated advantages and disadvantages. The open-cell configuration offers the possibility of high spatial resolution imaging, but it cannot be directly correlated with electrochemical characteristics. Therefore, the open-cell is mostly suited for probing the intrinsic structural response of materials to ion insertion or extraction. Three major challenges exist for capturing high spatial resolution images using the open-cell configuration. The first one is the mechanical stability for the single nanowire system, which can be partially mitigated by using a relatively short nanowire. The second is the electronbeam-induced damage to the sample, which can be alleviated by using low-dose mode and increased detector efficiency. The third one involves orienting the sample to an appropriate zone axis as most nanomanipulators only work as a single tilt.
Development of the closed liquid-cell opens new avenues for in situ TEM study of structural and chemical evolution of electrochemical processes closely related to real working systems. Currently, for most cases, only a two-electrode system is used, and, due to the lack of the reference electrode, it often is difficult to quantitatively correlate the structural and chemical evolution with the observed electrochemical behavior. A standard three-electrode system setting for electrochemical experiments needs to be implemented. The standard electrochemical techniques, such as electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and chronoamperometry (CA), also need to be used. Furthermore, as a single nanowire often is used within the system, the possible involvement of peripheral material in the electrochemical process needs to be eliminated, or the surface must be passivated.
A critical contribution of the closed liquid-cell will be the observation of the SEI layers in the electrochemical system. To make this observation feasible, the following factors must be carefully considered and optimized.
(1) The electron-beam-induced effects on the electrolyte need to be carefully calibrated. To eliminate possible artifacts of the electron-beam-induced electrolyte decomposition, the imaging electron dose needs to drop below the damage threshold of the electrolytes. 125, 126 (2) Improving the image resolution through liquid. To obtain in situ images with high spatial resolution using organic solvent electrolytes, the thickness of the liquid layer and electron dosage needs to be optimized. 26, 89, 90, [125] [126] [127] [128] The thickness of the liquid layer usually is decided by the spacer between the top and bottom chips. However, due to the liquid-induced window bulging, the liquid cell center will be much thicker than the nominal thickness. The spatial resolution drops significantly as the thickness increases, as shown in early literature. 26, 89, 90, 127, 128 The total SiN x -liquid thickness, t, can be estimated using EELS based on I/I 0 5 e (Àt/k) , 129 where k is the inelastic mean free path, I 0 is the intensity of the zero-loss peak, and I is total electron intensity. This method has been used to estimate the thickness of aqueous solutions within the liquid-cell. 127 Based on EELS, Holtz et al. 130 mapped the liquid film thickness distribution, which clearly demonstrated that the bulging of the film increased the total thickness by a factor of 2-3. The bulging effect depends on a range of factors, such as the geometry/size of the window and film thickness. An optimized design of the window with an overall thin liquid layer ultimately will increase the image resolution. (3) The distance between the counter electrode and the working electrode needs to be shortened. In the optimized cell, the distance between the Li-source and the counter electrode should be controlled to the approximately tens of micrometer range. Thus, a more precise delivery and attachment of the Li-source electrode need to be developed within the liquid cell. One promising approach for implementing the attachment of a Li-source electrode with high accuracy is the FIB lift-out procedure. 131 Although the closed liquid-cell offers the promise of mimicking real battery behavior, the in situ cell only can be cycled for a few cycles, which is far less than the several hundred to thousand cycles of a real battery. Therefore, the structural and chemical evolution of the materials captured by the in situ cell only reflects what happens at the initial stage of battery performance. Thus, rather than expecting a long life cycle study of an electrochemical system, using the in situ cell should focus primarily on exploring the fundamental process in an electrochemical cell. C-M. Wang: In situ transmission electron microscopy and spectroscopy studies of rechargeable batteries
